This work presents the first identification of putative odorant-binding proteins (OBPs) from a member of the Pentatomidae, i.e. the brown stink bug Euschistus heros (Fabricius), an important pest of soybean in Brazil. Antennae from both sexes of E. heros adults (12 days old and unmated) were used to construct a cDNA library, from which two transcripts encoding putative E. heros OBPs (EherOBPs) were identified. The expression levels of EherOBP1 and EherOBP2 were found to be higher in male antennae than in female and there was difference in expression in legs, wings, and abdomens of the two sexes. The histolocalization of EherOBP1 and EherOBP2 transcripts in antennae also showed a sexual dimorphism in the chemoreception system, with different expression sites in the antennal segments between males and females, occurring predominantly at the base of the sensillum. The implications of these findings for stink bug chemoreception are discussed.
Introduction
Insect odorant-binding proteins (OBP) are small (~15 kDa) amphipathic proteins involved in olfaction that have been identified in many insect species of economic importance around the world in the last 30 years (Vogt 2003) . They are present in the lymph of the sensilla on the antennae and are thought to play a role in transport odors to the odorant receptors, thus triggering a behavioral response in the insect (Zwiebel 2003) . The OBPs have been shown to interact with olfactory receptors thus contribute the discrimination of different odors (Vogt 2003) . For example, it was shown the pheromone-binding proteins (PBP), a subclass of OBPs, is involved in the receptor activation (Pophof 2002) and even without addition of pheromone (Pophof 2004) . In Drosophila, an OBP Lush with a pheromone-induced conformation can directly activate the receptor without pheromone (Xu et al 2005 , Laughlin et al 2008 , Ha & Smith 2009 ). Further supports are from the finding that some bind specifically to particular odor molecules (Field et al 2000 , Vogt 2003 , Pelosi et al 2006 , Zhou 2010 , Gu et al 2011a , b, Zhong et al 2012 , Liu et al 2012 , Wang et al 2013 and some OBPs are expressed specifically in a particular sensillum (Leal 2003 , Vogt 2003 . One of the reasons for the intensive study of OBPs and the genes encoding them is the possibility of developing biotechnology strategies to interfere with pest insect behavior such as host location and mating, and thus deliver novel pest management strategies.
Up to now, there have been no studies of OBPs from Pentatomidae stink bugs despite their worldwide importance as primary and secondary pests of crops like soybean, cotton, and coffee, where their destructive power is related to their high frequency and wide distribution (Ferreira & Panizzi 1982 , Link & Grazia 1987 , Panizzi et al 2000 . The damage done by the bugs when feeding on seeds and grains can also facilitate the infection of plants by microorganisms (Galileo & Heinrichs 1978a, b) . Although little is known about the olfactory mechanisms that underpin the chemical ecology of stink bugs, it can be assumed that they use OBPs and olfactory receptors in their olfactory signal transduction as do other insect species.
Euschistus heros (Fabricius) is a neotropical brown stink bug found in South America and Panama (Panizzi et al 2000) . In Brazil, it is widely distributed in the Midwest and Southern regions, where it is the main pest of soybean (Panizzi et al 2000) , causing widespread damage of economic relevance to Brazilian agriculture. The work reported here is the first in the process to identify OBPs in E. heros, and to analyze their expression in different parts of the insects and in different antennal segments from males and females. This is seen as a prelude to further understanding E. heros olfaction and to developing potential novel control strategies and to underpin the work of others on the subject.
Material and Methods

Insects
Euschistus heros were obtained from a laboratory colony started from adults collected from soybean fields near the Embrapa Genetic Resources and Biotechnology Laboratory, Brasília, Distrito Federal, Brazil (15°47′S, 47°55′W). The bugs were reared on raw peanuts (Arachis hypogaea), soybeans (Glycine max), fresh green beans (Phaseolus vulgaris), and water at 26±1°C and 65% RH under a 14 L:10 D photoperiod. Insects were kept in 8-L plastic containers (100-150 insects/ container) with the food supply being renewed three times per week (Borges et al 2007 , Moraes et al 2008 . The fresh male and female adults were placed in separate cages, and after sexual maturation (around 12 days) they were used to remove the antennae, heads, legs, wings, and abdomens using spring scissors (FST, Canada) The samples were used immediately after extraction.
cDNA library construction
Fifty antennae from males and females were ground in TRIzol® reagent (Invitrogen, USA) and total RNA obtained according to the method described by Chomczynski & Sacchi (1987) . The integrity of the RNA was evaluated by agarose gel (1%) electrophoresis and quantified by fluorimetry using the Qubit RNA Assay kit (Invitrogen).
The RNA was used to construct a cDNA library using the Creator SMART cDNA Library Construction kit (Clontech, USA) according to the manufacturer's instructions. In brief, single-and double-strand cDNA were synthesized and the dscDNA was digested with SfiI and size fractionated on CHROMA SPIN 400 (Clontech, USA). The fractions were analyzed by agarose gel (1%) electrophoresis and those containing fragments of the expected size were pooled, precipitated with ethanol and cloned directionally into the SfiI site of digested pDNR-LIB vector. The constructs were used to transform competent Escherichia coli XL1 Blue cells by electroporation. The transformed cells was spread onto two agar plates (diameter 145 mm) containing LB supplemented with 35 mg/mL chloramphenicol and incubated at 37°C overnight. Colony PCR followed by agarose gel (1%) electrophoresis were used to verify the percentage of the recombinant vectors obtained.
cDNA sequencing and data analysis
One thousand cDNAs, randomly selected from the library (total of 10,000 clones), were amplified by M13 forward primer and sequenced using 3730xl DNA Analyzer sequencer. EST processing was conducted using the pipeline described in the program SisGen (Pappas et al 2008) . OBP domains were searched using three programs: reverse-position-specific BLAST (RPS-BLAST) (Marchler-Bauer et al 2005) , MotifSearch algorithm (Zhou et al 2008) , and SisGen (Pappas et al 2008) .
OBP domain analysis was performed using the tools from Pfam database-IPR006170 PBP_GOBP, Pfam PF01395 e SuperFamily SSF47565-(http://pfam.sanger.ac.uk/). Protein motif discovery was carried out using MEME (http://meme.nbcr.net). PHYML was employed to construct maximum-likelihood phylogenetic trees based on multiple sequence alignments generated by the program T-Coffee (http://tcoffee.crg.cat). A combined visualization of the phylogenetic tree and motifs across sequences was generated using the program TreeDomViewer (http:// www.bioinformatics.nl/tools/treedom/). Predicted physicalchemical parameters of E. heros OBPs were obtained by in silico analysis using Sequence Module Architecture Research Tool -SMART program (Schultz et al 1998) .
Expression analysis of EherOBPs by quantitative real-time PCR
Expression of EherOBP transcripts was analyzed in the antennae, heads, legs, wings, and abdomen from males and females (50 insects per sex) in three biological replicates. RNAs were extracted as described in topic 2.2 and 180 ng of each sample was treated with DNAse I (Roche, USA) at 37°C for 30 min, followed by DNAse denaturation at 65°C for 10 min. Singlestrand cDNAs were synthesized with SuperScript III FirstStrand Synthesis SuperMix Kit (Invitrogen) according to the manufacturer's instruction.
Quantitative real-time PCR (qPCR) was performed using the 7500 Fast Real-Time PCR system (Applied Biosystems, USA) with SYBR green dye as the fluorescence reporter for each elongation cycle (Maxima SYBR Green/ROX qPCR Master Mix, Fermentas, USA). Specific primer pairs (Table 1) were designed using Primer3 Plus free-software (Untergasser et al 2007) for EherOBP1, EherOBP2 and for 18S rRNA, which was used as an endogenous control to correct sample-tosample variation.
The qPCR reactions were done in 12 μL reaction solution containing 2 μL cDNA, 1 μL of each primer (0.1 μM, 1:1 forward and reverse), 6 μL of 2X Maxima SYBR Green/ROX qPCR Master Mix (Fermentas, USA), and 2 μL dH 2 O. Each reaction was conducted in triplicate with thermal cycling conditions of 2 min at 95°C, followed by 50 cycles of 50 s at 95°C and 48 s at 60°C.
The expression levels of both EherOBPs were estimated in antennae of males and females and in different body parts in the same sex, using relative quantification by the comparative 2 −ΔΔCT method (Livak et al 2001) . A standard-curve (cDNA dilution log versus C T variation) was constructed to verify the amplification efficiency of primer pairs using four serial tenfold dilutions (10
, 10
, and 10
) in triplicate of the pooled cDNA (antennae, heads, legs, wings, and abdomens of males and females). The amplification efficiency was obtained from the slope of each target and reference (E=10 [−1/slope] ) standard-curve. The transcription levels (ΔCt) were compared by Student's t test (α=0.05).
In situ localization of the EherOBPs in brown stink bug antennae
Digoxigenin RNA probes were synthesized using the DIG RNA Labeling SP6/T7 Kit (Roche, USA) according to manufacturer's protocol. Briefly, cDNA synthesis was conducted as earlier described and used to amplify the EherOBPs using primer pairs containing BamHI and EcoRI 5′ sites (Table 1 ). The constructs were cloned into the pSPT19 vector (Roche, USA) followed by transformation of competent E. coli DH5α cells by heat shock according to Sambrook et al (2001) . White colonies were used to set up cultures in liquid LB medium and the cDNAs purified by miniprep procedures (Sambrook et al 2001) . Anti-sense EherOBP1 and EherOBP2 probes were produced by linearizing with NheI and XbaI and in vitro transcription using SP6 RNA polymerase. The negative control was an 18S rRNA anti-sense probe from Arabidopsis thaliana, made by the same methodology.
Whole-mount in situ hybridization was conducted in triplicate, according to methodology adapted from Tautzs & Pfeiffle (1989) . Ten antenna from both sexes were cut according to morphological segments (Silva et al 2010) immediately prior to fixation in 4% paraformaldehyde/PBS overnight at 4°C. Samples were then treated in 50 μg/mL proteinase K/PBS for 1 h at 37°C followed by an additional fixation with 4% paraformaldehyde/PBS for 5 min. Samples were washed with PBST (PBS containing 0.1% Tween 20) three times, 5 min each, at room temperature and incubated in 1:1 PBS/hybridization buffer (50% formamide, 5X SSC, 0,1% Tween 20, 100 μg/mL salmon sperm DNA) for 5 min. Hybridization reactions were done for 16 h at 60°C using the EherOBP1 and EherOBP2 probes at 500 ng/mL. The antennae were then washed at 60°C for 10 min in hybridization buffer, followed by washing with 1:1 hybridization buffer/PBST and three times in PBST for 10 min each. Hybridization was detected by incubation with alkaline phosphatase conjugated with anti-DIG (diluted 1:5,000 in PBS) for 1 h, and staining with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT-BCIP) for 40 min. The antennae were viewed (×40 magnifying glass) using an AxioPhot (Zeiss®) optic microscope and photographed.
Results
Identification of putative OBPs expressed in E. heros antennae
A total of 750 high-quality sequences were used to search for putative OBP sequences in E. heros. Two transcripts encoding putative OBPs were identified, which were named as EherOBP1 (GenBank ID: HM347779) and EherOBP2 (GenBank ID: HQ225621) respectively (Fig 1) , and additionally two chemosensory proteins EherCSP1 (GenBank ID: 337732410) ) to AlinOBP1 (GenBank ID: GQ477022, Gu et al 2011a) identified in the lucerne bug Adelphocorus lineolatus (Hemiptera: Miridae). EherOBP2 shows the highest similarity (54%, E-value: 5× 10 −26 ) to Lygus lineolaris (Hemiptera:
Miridae) antennal protein (LAP) (GenBank ID: AF091118.1; Vogt et al 1999) . A total of 19 OBP putative orthologs, belonging to the orders of Hemiptera, Lepidoptera, Diptera, and Coleoptera, were used to compare with E. heros OBPs in order to study their conservation patterns. Multiple sequence alignments using the program T-Coffee showed a relatively high sequence divergence, except for the conservation of six cysteine residues, a signature of insect OBPs (Field et al 2000 , Vogt 2003 . Given the overall sequence diversity, we set to look for distinctive conserved motifs shared by groups of sequences using the program MEME. A total of five high quality sequence motifs (p-value < 0.0001) were discovered. The 22-residue Motif 1 (Fig 2a) was identified because it appeared in all 21 sequences and contained two of the strictly conserved cysteine residues. Motif 2 (Fig 2b) was present in 15 sequences, and the others were present in less than 13 sequences.
The motif distribution across the sequences is schematically shown in Fig 2c. Both E. heros OBPs contain the characteristic OBP motifs (motif 1 and 2), but differ regarding the presence of motifs 3, 4, and 5. This observation combined with the phylogenetic analysis placing them in different clades (Fig 2c) suggests different functionality and evolutionary origin of these genes. Figure 3 shows the predominance of EherOBPs expression in male antennae in comparison to other body parts and also the difference between sexes. EherOBP1 and EherOBP2 were expressed more in the antennae of males (three and five times higher, respectively), than in the antennae of females. EherOBP1 was expressed equivalently in antennae and legs in males. In females, EherOBP1 was expressed in antennae with much less expression in legs and abdomen (at 5 and 2,3000 times less than in antennae, respectively). The expression in abdomen (2 −ΔΔCt =0.0014±0.00047) could not be shown in the scale of the Fig 3. There was significant difference in the EherOBP1 transcript levels between male and female antennae (p-value=0.025). The EherOBP1 expression in female antennae was significantly higher than in the abdomen and legs (p-values=0.03 and 0.049, respectively), but there was no difference between antennae and legs of males (p-value=0.064). EherOBP2 was expressed equivalently in the antennae and abdomen of males, but at lower level in wings (2 −ΔΔCt = 0.4278±0.24713), which it was not shown in the scale used. In female, there was expression in legs (2 −ΔΔCt =0.2402± 0.01624), abdomen (2 −ΔΔCt =0.0094±0.00368), and heads (2 −ΔΔCt =0.0343±0.01981), however not shown in the scale used, which was 53, 123, and 1,000 times less than in antennae, respectively. There was significant difference between male and female antennae (p-value=0.01), in male between antennae and wings (p-value=0.003), and in female among antennae versus head, legs, and abdomen (p-values=0.013, 0.008, and 0.045, respectively). However, there was no significant difference between male antennae and abdomen (p-value=0.65).
Expression of E. heros OBPs
Localization of EherOBPs in the segments of male and female antennae
EherOBP1 was detected only in the flagellum 1 (f1) in males, whereas in females it was detected in the f1, pedicel 1 (p1), and scape (sc) (Fig 4) . EherOBP2 was detected in the flagellum 2 (f2) and sc in males, but only in the f1 of females (Fig 5) . There was no hybridization in the negative control (Fig 6) . The OBP transcripts were observed concentrated at the base of the sensilla, indicating that the synthesis of the respective proteins is possibly associated with support cells located in the olfactory hairs of the antennae.
Discussion
Since the first insect OBP was identified in the giant moth, Antheraea polyphemus (Cramer) (Vogt & Riddiford 1981 ), many studies have described OBP genes or proteins in a wide range of insects' species (Pelosi et al 2006 , Zhou et al 2010 . For example, in Hemiptera, 79 putative OBPs have been identified; of which 61 belong to the Aphididae family due to the availability of an aphid genome (Xu et al 2009) . In the present study, we have identified, for the first time, OBPs in a species of the Pentatomidae family. Based on the usually large number of OBPs present in other insects, we expect to identify more E. heros OBPs if more cDNAs were sequenced and when the complete genome becomes available.
EherOBP1 shows a high amino acid identity (53%) with an OBP of the Lucerne plant bug Adelphocorus lineolatus (Goeze) (GenBank ID: GQ477022, Gu et al 2011a), which was found mainly in male antenna and shown to have high affinity with two major pheromone components from the plant bugs (ethyl butyrate and trans-2-hexenyl butyrate), and also with the two most abundant plant volatiles, β-caryophyllene and β -ionone found in many plant species (Gu et al 2011b) . EherOBP2 has high similarity (54%) with LAP, the first OBP-like protein characterized in Hemiptera (Dickens et al 1995) , whose expression was uniquely observed in specific olfactory sensilla of adult antenna, and whose function is related to reproduction (Dickens et al 1998) . Another observation was the sequence variability among OBP sequences from several insect orders. In addition to the OBP domain and conserved cysteine residues, it was possible to identify a modular organization within the OBP sequences characterized by the distribution of discrete sequence motifs, a feature that cannot be detected by direct inspection of multiple alignments. This can shed light on the evolutionary dynamics of OBPs and the structural constraints that must be fulfilled by new family members to parallel the profusion of chemical signals that must be recognized by this protein family.
The sexual pheromone in E. heros is released by males (Borges et al 2007) , but our qRT-PCR showed both EherOBP1 and EherOBP2 genes were expressed highly in antennae of both sexes with much higher expression in male antennae than in female antennae and the expression was not exclusive to antenna, suggesting that they may not be used for sex-pheromone detection. Earlier studies demonstrated that there is often a wider expression pattern of OBPs. In Drosophila melanogaster (Meigen) and Anopheles gambiae (Giles), a large number of OBPs have been detected in antennae and mouth parts, head and tarsi (Galindo et al 2001 , Koganezawa & Shimada 2002 , Zhou et al 2004 , Li et al 2005 , whilst from two species of Hymenoptera, Vespa crabro (Linnaeus) and Polistes dominulus (Christ) (Calvello et al 2005), OBPs were found in antennae, wings, and tarsi, and in the honeybee Apis mellifera (Linnaeus), five OBPs were identified in antennae and other tissues (Calvello et al 2005) . The expression of OBPs in the lucerne bug Adelphocoris lineolatus (Goeze) was noted in several parts of the body, including antennae and head (Gu et al 2011a) .
According to Silva et al (2010) , E. heros antennae have five segments (two flagella (f1 and f2), two pedicels and one scape) with two main types of sensilla (trichoid and basiconic), presenting six subtypes: two trichoid sensilla (named ST1 and ST2), three basiconic sensilla (named SB1, SB2, and SB3) and a peculiar type of basiconic sensilla, called knob-shaped. Based on morphology and distribution in the antennae, some hypothetical functions were assigned for different subtypes of the sensilla in E. heros. The ST1 sensillum probably has mechano and chemoreceptor functions; the SB1sensillum is linked to pheromone detection and SB2, SB3, and knob-shaped sensilla appear to be related to other types of chemoreception. The distribution pattern of sensilla showed a sexual dimorphism, the females having a higher number of ST2, SB1, and SB2 and males with a predominance of ST1 and SB1.
In males, the presence of EherOBP transcripts was observed in the antennal segments (f1 and f2) in which have been assigned a higher density of trichoid sensilla, while in females the hybridization reactions for EherOBPs are observed in the segments (f1, p1, and sc) of the antenna where the density is greater for basiconic sensilla, suggesting that the expression of putative EherOBPs could relate to the specific sensillum type. The observation of both EherOBPs at the base of sensilla is consist to the reports for OBPs in Lepidoptera (Steinbrecht et al 1992 (Steinbrecht et al , 1995 , Diptera (HekmatSchafe et al 1997), and Hemiptera Lygus lineolaris (Vogt et al 1999) where the OBP transcription was mostly observed at the base of the sensilla, indicating possible synthesis in support cells.
This study is the first report of OBPs in E. heros and will form the basis from which to develop further knowledge on the olfactory system of insects in the Pentatomidae family. We have reported two putative OBP genes and their expression in males versus females, in different body parts and in different segments of the antennae. Further studies are underway to identify other OBPs, examine their sensillum-specific distribution and function.
